Behavioral and sensory adaptations are often based in the differential expansion of 37 brain components. These volumetric differences represent changes in investment, 38 processing capacity and/or connectivity, and can be used to investigate functional and 39 evolutionary relationships between different brain regions, and between brain 40 composition and behavioral ecology. Here, we describe the brain composition of two 41 species of Heliconius butterflies, a long-standing study system for investigating 42 ecological adaptation and speciation. We confirm a previous report of striking 43 mushroom body expansion, and explore patterns of post-eclosion growth and 44 experience-dependent plasticity in neural development. This analysis uncovers age-45 and experience-dependent post-emergence mushroom body growth comparable to 46 that in foraging hymenoptera, but also identifies plasticity in several other neuropil. 47
INTRODUCTION 68
Behavioral adaptations are largely based in changes in brain function. In some cases 69 this includes differential expansion of individual brain structures, or functionally 70 related systems, that betray underlying changes in neuron number or circuitry. These 71 provide an opportunity to study the neural basis of adaptive behavior, particularly in 72 clades with known ecological specializations. The Neotropical genus Heliconius 73 (Heliconiinae, Nymphalidae) display a number of striking behavioral adaptations 74 including a dietary adaptation unique among Lepidoptera; adult pollen feeding 75 (Gilbert, 1972 (Gilbert, , 1975 . With the exception of four species formerly ascribed to the 76 genus Neruda (Beltrán et al., 2007; Kozak et al., 2015) , all Heliconius actively collect 77 and ingest pollen as adults. This provides a source of amino acids and permits a 78 greatly extended lifespan of up to six months without reproductive senescence 79 (Gilbert, 1972; Benson, 1972; Ehrlich and Gilbert, 1973) . Without access to pollen 80
Heliconius suffer a major reduction in longevity and reproductive success (Gilbert, 81 9 central body as a single structure and, unless otherwise stated, summed the volumes 266 of the mushroom body lobes and peduncles. 267 268
Intraspecific statistical analyses 269
In all statistical analyses continuous variables were log 10 -transformed. Unpaired two-270 tailed two-sample t-tests were used to test for volumetric differences between sexes or 271 groups. We found no evidence of sexual dimorphism in neuropil volume of wild 272 caught individuals that could not be explained by allometric scaling and therefore 273 combined male and female data. 274
All statistical analyses were performed in R v.3.1 (R Development Core 275 Team, 2008) . Our analyses focused on two intra-specific comparisons: i) we 276 compared 'young' and 'old' insectary-reared individuals and interpret significant 277 differences as evidence for post-eclosion growth; and ii) we compared wild-caught 278 individuals with 'old' insectary-reared individuals and interpret significant differences 279 as evidence for environmentally induced, or experience dependent plasticity. These 280 comparisons were made by estimating the allometric relationship between each 281 neuropil and a measure of overall brain size (total volume of the midbrain minus the 282 combined volume of all segmented neuropil in the midbrain: 'rest of midbrain', rMid) 283 using the standard allometric scaling relationship: log y = β log x + α. We used 284 standard major axis regressions in the SMATR v.3.4-3 (Warton et al., 2012) to test for 285 significant shifts in the allometric slope (β). Where we identified no heterogeneity in 286 β we performed two further tests: 1) for differences in α that suggest discrete 'grade-287 shifts' in the relationship between two variables, 2) for major axis-shifts along a 288 common slope. Patterns of brain:body allometry were explored in a similar manner, 289 using total neuropil volume as the dependent variable (summed volumes of all optic 290 lobes neuropil plus the total midbrain volume), and comparing the results obtained 291 using alternative body size measurements as the independent variable. We also 292 present the effect size, measured by the correlation coefficient (r). Effect sizes of 293 0.1<r<0.3 are interpreted as 'small' effects, 0.3<r<0.5 'medium' effects, and r<0.5 294 'large' effects (Cohen, 1988) . between each structure and the rest of the brain (whole brain or midbrain as indicated) 304 performed in BayesTraits (freely available from www.evolution.rdg.ac.uk; Pagel, 305 1999) . For this analysis, a phylogeny of the six species was created using data on two 306 loci, COI and EF1a (GenBank Accession IDs, COI: EU069042.1, GU365908.1, 307 JQ569251.1, JN798958.1, JQ539220.1, HM416492.1; EF1a: EU069147.1, 308 DQ157894.1, U20135.1, KC893204.1, AY748017.1, AY748000.1). The data were 309 aligned and concatenated using MUSCLE (Edgar, 2004) , before constructing a 310 maximum likelihood tree in MEGA v.5 (Tamura et al., 2011) . Differences in brain 311 composition across species were analyzed by Principal Component analysis of these 312 data, and visualized as biplots (Greenacre, 2010) in R package ggbiplot (V.Q. Vu, 313 https://github.com/vqv/ggbiplot). Finally, we extended our phylogenetic analysis 314 across insects using a similar approach. We restricted this analysis to volumetric data 315 
RESULTS

320
General layout of the Heliconius brain 321
The overall layout and morphology of the Heliconius brain ( Fig. 1 Montgomery and Ott, 2015) . The midbrain forms a single medial mass, 324 containing the supra-esophageal ganglion to which the sub-esophageal ganglion is 325 fused. Together with the rest of the midbrain (rMid), which lacks distinct internal 326 boundaries and was therefore unsuitable for further segmentation in the current 327 analysis, we measured the volumes of six paired neuropils in the optic lobes, and 328 eight paired and two unpaired neuropils in the midbrain in 59 individuals across both 329 species (Table 1) . 330 331
Sensory neuropil 332 11
The large optic lobes (OL; Fig. 2 ) account for approximately 64% of the total brain 333 volume. As is the case in both D. plexippus and G. zavaleta the lamina (La), two-334 layered medulla (Me) ( Fig. 2E ), accessory medulla (aMe), lobula (Lob) and lobula 335 plate (Lop) are well defined and positioned in the OL as nested structures from lateral 336 to medial ( Fig. 2A) . The La has a distinct, brightly stained inner rim (iRim; Fig. 2E ), a 337 feature common to all diurnal butterflies analyzed thus far (Heinze and Reppert, 2012; 338 Montgomery and Ott, 2015) . In common with D. plexippus we identify a thin strip of 339 irregularly shaped neuropil running ventrally from the aME to the Me (Fig. 2G-H) . 340
We also identify a sixth neuropil in the OL that we believe to be homologous 341 to the optic glomerulus (OG; Fig. 2B ,F) identified in D. plexippus (Heinze and 342 Reppert, 2012), which is absent in other lepidopteran brains described to date and was 343 postulated to be Monarch-specific. As in D. plexippus this neuropil is a multi-lobed, 344 irregularly shaped structure positioned to the medial margin of the Lob with which it 345 appears to be connected. In Heliconius the OG is not as extended in the anterior 346 margin as in D. plexippus and is subsequently confined to the OL, without protrusion 347 into the optic stalk or midbrain ( Fig. 2A,B ,F). The position of the OG in Heliconius 348 is also similar to that of a much smaller neuropil observed in G. zavaleta 349 (Montgomery and Ott, 2015) that may be homologous. 350
The midbrain contains further neuropils with primary functions in processing 351 visual information that include the anterior optic tubercule (AOTu). We identify the 352 same four components of the AOTu previously described in D. plexippus and G. The antennal lobes (AL), the primary olfactory neuropil, are comprised of 360 small, round glomeruli that are innervated by axons from olfactory receptor neurons 361 in the antennae. These glomeruli are arranged around a Central Fibrous Neuropil 362 (CFN) ( Figure 3A (Dasmahapatra et al., 2012) . We found no expanded macro-glomeruli complex 367 (MGC) or obvious candidates for sexually dimorphic glomeruli. This is in keeping 368 with all diurnal butterflies described to date (Rospars, 1983 ; Heinze and Reppert, 369 2012; Carlsson et al., 2013) , with the exception of the more olfactorily orientated G. 370 zavaleta (Montgomery and Ott, 2015) . 371
We took advantage of comparable datasets for H. erato, H. hecale and G. 
Mushroom bodies 396
The most striking aspect of Heliconius brain morphology is the hugely expanded 397 mushroom bodies which span the depth of the brain along the anterior-posterior axis 398 . In 420 some individuals the MB-ca is so large that it protrudes into the OL resulting in a 421 distortion of shape caused by constriction around the optic stalk ( Fig. 5H ). We also 422 observe some degree of pitting in the posterior surface of the MB-ca ( Fig. 5I ). This 423 pitting is related to radially arranged columnar domains that are apparent within the 424 calycal neuropil (Fig. 5J,K) . We do not observe any structure clearly identifiable as an 425 accessory calyx. We do see a brightly stained globular neuropil below the MB-ca/pe 426 junction but it is quite some distance away from the junction and lacks the 'spotty' 427 appearance of the accessory calyx in D. plexippus (Heinze and Reppert, 2012). It 428 seems more likely that this structure is a 'satellite' neuropil that is not part of the MB 429 (Farris, 2005) . Its position corresponds roughly to the medial end of the expanded OG 430 in D. plexippus. In some preparations one can follow a narrow faint fiber tract from 431 here to an area of more intense staining in the optic stalk and on to the medial margin 432 of the OG. If this is a functional connection, it is conceivable that the medial 433 expansion of the OG in D. plexippus occurred along this pre-existing pathway. 434 14 435
Interspecific divergence in brain composition and mushroom body expansion in 436
Heliconius 437
After correcting for allometric scaling by phylogenetically-corrected regressions 438 against total neuropil volume, the six lepidopteran species can be separated along the 439 first two principal components that together explain 90.7% of variance. PC1 (65.9% 440 of Var) is heavily loaded by sensory neuropil in one direction, and the MB-ca and 441 MB-lo+ped in the other (Table 2) The combined volume of the calyx, pedunculus and lobes account for 13.7% 452 of total brain neuropil volume in H. erato, and 11.9% in H. hecale. This is much 453 larger than reported for any other Lepidoptera measured with similar methods (range 454 2.3-5.1%). Expressed as a percentage of the midbrain, to remove the effects of 455 variation in the large OL, H. erato (38.5%) and H. hecale (32.9%) again exceed other 456 Lepidoptera (4.8-13.5%) by 3-7 fold. These figures are also much larger than 457 reported for H. charithonia (4.2% of total brain size) by Sivinski (1989) , whose 458
figures for other Lepidoptera are also much lower suggesting the difference is 459 explained by variation in methodology. 460
Beyond Lepidoptera, the most comparable data available are from Apis 461 mellifera (Brandt et al., 2005) In both species, larger wild individuals have larger brains when using total neuropil 480 volume and either body length or wingspan as measures of brain and body size (log-481 log SMA regression, H. hecale, body length p = 0.020; wingspan p = 0.019; H. erato, 482 body length p = 0.011; wingspan p = 0.010). The brain size : body mass relationship 483 is not significant in wild individuals (H. hecale, p = 0.055; H. erato, p = 0.863), most 484 likely because body mass varies much with reproductive state and feeding condition. 485
We therefore used body length as a proxy for body size to analyze the effect of age 486 and experience on the relative size of the brain. 487
Both species showed a clear grade-shift with age towards increased relative 488 brain size (H. hecale: Wald χ 2 = 5.780, p = 0.016; H. erato: Wald χ 2 = 10.124, p = 489 0.001). Body length was very similar in old and young individuals (H. hecale t 18 = -490 0.918, p = 0.371; H. erato t 17 = 0.581, p = 0.568) suggesting the effect reflects an 491 increase in absolute neuropil volume. Indeed, old individuals had significantly larger 492 absolute midbrain volumes in both species (H. erato: t 17 = 4.192, p = 0.001, r = 0.713; 493 H. hecale: t 18 = 3.054, p = 0.007, r = 0.595; Fig. 7A,D ). An absolute increase in OL 494 and total brain volume, however, was strongly supported only in H. erato (OL: t 17 = 495 5.076, p < 0.001, r = 0.776; total, t 17 = 5.153, p < 0.001, r = 0.708) and not evident in 496 H. hecale (OL, t 18 = 0.280, p = 0.783; total, t 18 = 1.082, p = 0.293). 497
Only H. hecale showed a clear response in overall brain size to experience. 498
The total neuropil was 40% larger in wild-caught than in old insectary-reared 499 individuals (t 17 = 2.553, p = 0.020, r = 0.526) driven by a significant difference in 500 midbrain volume (t 17 = 3.658, p = 0.002, r = 0.664), but not OL volume (t 18 = 1.728, p 501 = 0.101; Fig. 7D ). Although there was no matching difference in body length (t 18 = 502 16 0.983, p = 0.436), a grade-shift towards larger relative brain size in wild hecale was 503 not supported (Wald χ 2 = 2.058, p = 0.151). However, we do observe a grade-shift 504 when the midbrain is analyzed separately (Wald χ 2 = 4.725, p = 0.030). No significant 505 brain or body size differences were found between wild and old insectary-reared 506 individuals in H. erato (total neuropil: t 17 = -0.432, p = 0.671; midbrain: t 17 = -0.732, p 507 =0.474; OL: t 17 = -0.123, p = 0.904; body length: t 17 = 1.009, p = 0.327; Fig. 7A ). 508 509
Post-eclosion growth in the volume of individual neuropil regions 510
The age-related increase in overall absolute brain size in H. erato was reflected in 511 volumetric increases in nearly all brain regions, with only the OG failing to show a 512 significant expansion in old individuals (Table 3A ). There was some evidence for 513 age-related differences in the allometric scaling coefficients for aMe and PB, and for 514 grade-shifts in OG and POTu, but these were weak relative to the strong major axis 515 shifts observed for all neuropils investigated (Table 3A ). The largest shifts were 516 observed for the POTu (difference in fitted-axis mean, Δ FA = 0.604), aME (Δ FA = 517 0.536), MB-ca (Δ FA = 0.496) and MB-lo+ped (Δ FA = 0.393; Fig. 8A-C) . 518
In contrast, in H. hecale, age-related size increases in volume were confined to 519 the midbrain and not all segmented midbrain regions showed the same pattern of 520 expansion; the rMid, components of the mushroom body complex, central complex 521 and AL were all significantly larger in old individuals, but the AOTu, POTu and all 522 optic lobe neuropil were not (Table 3B) . Neuropil expansion appears to occur in a co-523 ordinated manner, such that the allometric relationship between each neuropil and 524 rMid is maintained (Table 3B ). The only exceptions were the La, Me and OG, which 525 showed significant grade-shifts towards a reduced volume relative to rMid in old 526 individuals. All other segmented neuropil showed major-axis shifts along a common 527 slope towards higher values in old individuals (Table 3B) (Table 4A ; Figure  537 7B,C). The MB-lo+ped shows an unambiguous grade-shift towards larger size in wild 538 whilst maintaining a common slope, and also shows a major axis shift (Δ FA = 0.250; 539
Fig. 8B1). 540
In H. hecale wild individuals have significantly larger total midbrains (t 18 = 541 3.658, p = 0.002). The only segmented neuropil to reflect this difference, however, are 542 the MB-ca and MB-lo+ped (Table 4B ; Fig. 8A2,C2) , while the rMid is also larger in 543 wild individuals (t 18 = 3.417, p = 0.003). The average MB-ca volume of old insectary-544 reared individuals is only 68.3% of the average wild MB-ca volume, for the young 545 insectary-reared individuals it is 49.3% (Figure 8A2,C2) . For MB-lo+pe these figures 546 are 76.9% and 58.7% respectively ( Figure 8A2,B2 ). For comparison, in H. erato the 547 average MB-ca volume of old insectary-reared individuals is 96.2% of the average 548 wild MB-ca volume, for the young insectary-reared individuals it is 59.7% ( Fig. 8A1 -549 C1). For MB-lo+pe these figures are 96.9% and 63.9% respectively ( Fig. 8A1-C1) . 550
The only neuropil in the optic lobes to differ significantly in volume in H. 551
hecale is the Me. The allometric relationship between neuropil volumes and rMid 552 differs for all neuropil either in the allometric scaling coefficient or the intercept, 553 except for the mushroom body components and aMe (Table 4A ; Figure 7E ,F). 554
However, for aME this pattern is caused by a lack of allometric scaling in insectary-555 (test β ≠ 1, p > 0.05). However, the ontogenetic growth we observe between the 569 young and old groups of both species occur through concerted expansion of the MBlo 570 and MBca (i.e. a major axis shift), both of which show grade-shifts in their allometric 571 scaling with the MBpe between the young and old groups (Table 5A) . A similar 572 pattern is found comparing H. hecale wild and old groups, but there are no significant 573 differences between wild and old H. erato with the exception of a narrowly 574 significant difference in the scaling coefficient suggesting MB-lo becomes 575 disproportionally larger as MB-ca increases in wild individuals compared to insectary 576 reared individuals (Table 5B) . 577 578 DISCUSSION 579 We have described the layout and volume of the major brain neuropils in two species 580 of Heliconius butterflies. Our analyses illustrate the role ecology plays in shaping 581 brain structure, and confirm the substantial evolutionary expansion of the Heliconius 582 mushroom body first noted by Sivinski (1989) . Indeed, our data suggest this previous 583 work underestimated their size. We have further identified neuropil-specific patterns 584 of volumetric variation across young and old insectary-reared and wild individuals 585 that indicate significant post-eclosion growth and experience-dependent plasticity. In 586 the mushroom body, the timing and extent of this ontogenetic plasticity is comparable 587 to that found in insects that strongly rely on spatial memory for foraging (e.g. Withers Gronenberg and Hölldobler, 1999). In Lepidoptera, this is particularly noticeable in 598 the sensory neuropils (Fig. 6B) . The relative volume of the visual neuropils closely 599 reflects diel activity patterns, and the size of the antennal lobes also appears to be 600 strongly associated with a nocturnal or low-light diurnal niche. This is illustrated in a 601 PCA of midbrain neuropil (Fig. 6C ) that clusters the olfactorily driven butterfly G. Heliconius provides a likely source of this selection (Sivinski, 1989) . Several studies 622 have reported this behavior to entail spatially and temporally faithful foraging 623 patterns, guided by visual landmarks (Ehrlich and Gilbert, 1973; Gilbert, 1975 Gilbert, , 1993 624 Mallet, 1986) Comparisons across Heliconius and non-pollen feeding Heliconiini may 629 provide a test of this spatial memory hypothesis. Sivinski (1989) reported that two 630 individuals of Dione juno and Dryas iulia, both non-pollen feeding allies to 631
Heliconius, had mushroom bodies within the size range of other Lepidoptera. This 632 provides preliminary support that mushroom body expansion coincided with a single 633 origin of pollen feeding at the base of Heliconius. However, sampling in a wider 634 range of genera, including the specious Eueides which is most closely related to 635 20 Heliconius (Beltrán et al., 2007; Kozak et al., 2015) , is required to confirm this 636 conclusion. 637
Alternative selection pressures also need to be considered, including the 638 degree of host-plant specialization (Brown, 1981) and the evolution of social roosting 639 (Benson, 1972; Mallet, 1986) . These factors may well be inter-related, as visits to 640
Passiflora may be incorporated into trap-lines between pollen plants (Gilbert, 1975 (Gilbert, , 641 1993 , and the sedentary home-range behavior required for trap-lining may predispose 642
Heliconius to sociality (Mallet, 1986) . The latter scenario would parallel the 643 hypothesized origin of sociality in hymenoptera and primates in exaptations of an 644 expanded brain that may have first evolved to support specialization in foraging 645 behavior (Barton, 1998; Farris and Schulmeister, 2011) . Regardless of whether pollen 646 feeding provided the initial selection pressure for mushroom body expansion, it is 647 likely that it contributes to meeting the energetic costs of increased neural investment. 648 649
Age-and experience-dependent growth in neuropil volume 650
In both H. erato and H. hecale, the mushroom bodies are significantly larger in aged 651 individuals. Volume increases of 38.0% for the calyx and 34.0% for the lobe system Our data suggest experience-dependent plasticity particularly affects 660 mushroom body maturation, though the pattern differs between species. In H. hecale a 661 strong volumetric difference is found between old insectary-reared and wild caught 662 individuals for both the calyx (32%) and lobes (24%). A concomitant expansion of 663 the unsegmented midbrain results in a pronounced major-axis shift. This is not simply 664 the result of an increased total brain size, however: no other neuropil region shows a 665 comparable increase in wild caught individuals, resulting in widespread grade-shifts 666 in these other neuropils towards smaller size relative to the unsegmented midbrain. 667
This may reflect a coordinated growth between the mushroom bodies and 668 unsegmented midbrain areas or, alternatively, coincident independent expansions. In 669 similar absolute size, but allometric grade-shifts over the unsegmented midbrain result 671 in greater relative volumes in wild compared to insectary-reared individuals. The 672 cause of this species difference is unclear, but warrants further investigation. 673
Finally, it is also notable that plasticity, in particularly age-related growth, is 674 not restricted to the mushroom bodies. Several visual and olfactory neuropils show 675 age-and experience-dependent expansions in Heliconius, as they do in other insects 676 Heliconius. The Heliconius calyx lacks the clear zonation observed in D. plexippus 704 that has been suggested to be analogous to the A. mellifera lip, collar and basal ring 705 (Heinze and Reppert, 2012). We do not interpret the lack of distinct zonation in 706
Heliconius as evidence against functional sub-division, as Spodoptera littoralis 707 displays localization of visual processing in the calyx that is not apparent without 708 labeling individual neurons. Given the implied role for visual landmark learning in 709
Heliconius foraging behavior (Jones, 1930; Gilbert, 1972 Gilbert, , 1975 Mallet, 1986) , we 710 hypothesise that their massively expanded mushroom body supports an integration of 711 visual information. 712
In other species the mushroom body also receives gustatory and 713 mechanosensory input (Schildberger, 1983; Homberg, 1984; Li and Strausfeld, 1999; 714 Farris, 2008) . These may also be of relevance in Heliconius given the importance of 715 gustatory and mechanosensory reception in host-plant identification (Schoonhoven, 
